Background: Cephalopods play a major role in marine ecosystems, but knowledge of their feeding ecology is limited. In particular, intra-and inter-individual variations in their use of resources has not been adequatly explored, although there is growing evidence that individual organisms can vary considerably in the way they use their habitats and resources.
Introduction
Pelagic squids play a major role in the trophic structure of marine ecosystems as they constitute large pelagic biomasses, and are voracious predators and important prey for other organisms [1] . However, knowledge of their life history traits, including feeding strategies and diets is limited by biases resulting from net feeding and subsequent stomach content analyses [2] . Individual variation (intra-and inter-) in their use of resources is not well known, although there is growing evidence that individuals in a population vary considerably in the way they use their habitats and resources [3, 4] .
A new tool to investigate long-term trophic ecology at both the population and individual levels has been recently developed by combining stable isotope measurements and sequential sampling of hard tissues that remain inert after synthesis [5] [6] [7] [8] . Carbon isotopes (d 13 C) can be used to investigate the animals' habitats and migration patterns, while d
15 N values depict the associated trophic variations [5] . Indeed, in contrast to d 15 N values which show a stepwise enrichment from prey to predators [9] , carbon isotope values vary little with each trophic level. They therefore mostly reflect spatial variations of the environment and can indicate offshore vs. inshore, benthic vs. pelagic feeding, or even latitudinal variations in foraging habitats [10, 11] . In squids, stable isotope profiles along the gladius, their internal chitinous shell, have been recently analyzed and seem to be a promising tool to produce a chronological record of dietary information over their lifetime [12, 13] . The gladius grows continuously by accretion of new molecules of chitin and proteins at the proximal part of the gladius (near the head), with no metabolic turnover after synthesis. Consequently, it retains molecules sequentially laid down throughout the lives of cephalopods, and sequential sampling along this structure gives a dietary record of the organism throughout its life.
The jumbo squid (Dosidicus gigas, Ommastrephidae) has a strong economic and ecological importance in the eastern Pacific Ocean.
It is a fast growing species, from 1 mm mantle length (ML) at birth to more than 1 m ML when 1-2 years old [14] . In the last decade, jumbo squids have shown a significant increase in abundance and distribution in the Eastern Pacific [15, 16] . Both climatic and anthropogenic factors impact jumbo squids and marine organisms, but a current hypothesis is that individual feeding histories of jumbo squid strongly control the population structure [17] . Here, we measured sequential isotopic values along the gladius of five large individual jumbo squids that were sampled the same day at two nearby locations (within 50 km) off Peru, thus examining temporal variations in habitat and resource use through their life span. Our objective was to look at intra-and inter-individual isotopic variations to investigate the overall isotopic niche of jumbo squids and their degree of specialization. As this species is thought to be highly migratory [14] and to have ontogenic shifts in its diet [13, 18] , we expected strong variations in its isotopic carbon and nitrogen gladius profiles. Finally, variability in food habits of large jumbo squids was also investigated by the traditional method of stomach content analyses of several individuals sampled along the northern coast of Peru. These stomach analyses represent a snapshot in animal's diet and contrast with life history reconstructions allowed by longitudinal investigations along the gladius, but they nicely complement our isotopic analyses.
Materials and Methods

Ethics statement
Animals in this study were cared for in accordance with the guidelines of the ethics committee of the Institute of Research for Development and the Sea Institute of Peru (agreement 006481/ 01).
Squid sampling
Gladii and statoliths of large (.60 cm ML) jumbo squids were sampled from 5 adults collected in offshore waters of Northern Peru on November 19, 2008 (Table 1) . They were stored in ethanol and then frozen at 220uC. Age was estimated by counting the number of increments per statolith following [19] . Gladii were cleaned in distilled water for 5 min in an ultrasonic bath. They were then measured, dried and cut into 1 cm consecutive sections respecting the V shape of the growth lines following [13] , Fig. 1 . The sections sampled at the proximal end of the gladius (near the head) correspond to the most recently deposited material produced when the animal is an adult (oldest age), while distal sections of the gladius correspond to older material deposited when the animal was young. Only the proostracum was sampled, resulting in 50 to 62 sections per individual for gladii ranging between 65 and 80 cm length. Each cm of gladius averages different amounts of time (time-averaging, see 20) because of the 3-dimensional nature of gladius growth and varying growth rates along squids' life [20, 21] . Consequently, proximal (youngest) cmwide sections represent shorter time periods than distal (oldest) sections. Sections (n = 274) were ground into powder, weighed with a micro-balance, and packed in tin containers for isotopic analysis. The main constituents of gladius are chitin and proteins [22, 23] . Hence, with chitin being depleted in 15 N compared to proteins and diet, muscle isotope values of the corresponding individuals were also analyzed to control for these differences. Muscles were dried, ground to a fine powder and lipids were removed using cyclohexane [24] . Finally, the gladius and lipid-free muscle of six small (4-5 cm ML) jumbo squid individuals sampled along the coast of Peru in February 2009 at 3 and 9uS were analyzed to track latitudinal variations in baseline stable isotope values. Their gladius was cut into 1 cm consecutive sections following the method used for larger squids.
Isotopic analysis
Samples were analyzed using an elemental analyzer (Flash EA 1112, Thermo Scientific, Milan, Italy) coupled to an isotope ratio mass spectrometer (Delta V Advantage with a Conflo IV interface, Thermo Scientific, Bremen, Germany). Results are expressed in standard d notation based on international standards (Vienna Pee Dee Belemnite for d 
Stomach content analysis
Stomach were collected from 37 large jumbo squids (range 65-85 cm ML) caught during 2008 along a latitudinal gradient (from 4uS to 11uS). They were kept frozen (220uC) until analysis. In the laboratory, fresh remains were divided into the main prey items, which were weighed to calculate their proportion by mass in the diet. Prey items were identified to the minimum possible taxon using published keys and descriptions and by comparison with material held in our own reference collection, using fish otoliths and bones, cephalopod beaks and crustacean exoskeletons. Table 1 . Age, size, coordinates, isotope values and C/N mass ratios of the five large jumbo squids.
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Results
Assuming a deposition rate of one increment per day in statoliths, the lifespan of the five large individuals was ,8-9 months (257614 days), and ,2 months (5767 days) for the six small individuals (4-5 cm ML) ( Table 1 , 2). C/N ratios were consistent among and within individuals (range: 3.8-4.1), thus indicating similar biochemical composition of the samples allowing inter-and intra-individual comparisons (Table 1) . Gladii isotopic signatures spread over a relatively small range of (Table 1) . Mean muscle and gladius isotope values were highly correlated for both d Table S1 . Overall, the isotopic profiles along the gladius showed no consistency (i.e. they had different trajectories) both between and within the five large individuals, with all isotopic records shifting through time (Fig. S1) .
In all squids, intra-individual gladius d
13
C variations were substantial (from 1.3 to 2.0%), indicating foraging along isotopic gradients. Nitrogen isotopes also showed temporal variations through time (from 1.1 to 5.0%) with no systematic increase through size/age. Two of the five individuals (individuals A and B) adopted contrasting foraging strategies (Figs. 2, 3 Isotopic values of small squid gladii (4-5 cm) sampled at 3uS and 9uS (Table 2 ) revealed strong latitudinal differences in isotopic baseline levels for both d (Table 3) . Food was dominated by fish (in particular Vinciguerria sp., Nomeidae) and cephalopods (Dosidicus gigas and other species) but crustaceans such as euphausiids can also make a large contribution to the diet (up to 45% by mass). 
Discussion
We report here the first results on jumbo squid trophic isotope ecology off Peru using sequential stable isotope values along the gladius of five large individuals. Previous work [13] reported that the jumbo squid gladius is a powerful tool to determine the geographic origin of squids and their ontogenic variations, but they did not investigate variations within and between individuals at a given location. Our results reveal strong intra-and interindividual variations in stable isotope values along gladii of jumbo squids, underlining the potential of the isotopic tool to depict individual variations in foraging strategies.
In marine ecosystems, d
13 C values vary greatly with latitude and/or inshore/offshore gradients [10, 25] . Carbon isotope values of small individuals caught at 3 and 9uS showed a 3% d 13 C variation, confirming the presence of latitudinal gradients of the isotopic baseline along the coast of Peru. We cannot however discriminate between this latitudinal and a potential neritic/ oceanic gradient in our [26, 27, 28] and these OMZs are generally the site of intense denitrification [29] that is known to increase the baseline d
15 N values [30, 31] . In such productive regions, denitrification preferentially removes 15 N-depleted NO 3-and leaves residual nitrate 15 N-enriched [32] . Variable anoxic conditions along the Peruvian coast [e.g., strong anoxic conditions occurring south of 5-10uS, 28] can therefore contribute to latitudinal gradients in the d 15 N baseline level that are reflected in organisms at higher trophic levels. The observed intra-individual d 13 C variations in jumbo squid gladii revealed a complex life history (i.e. several migrations). Noticeably, overlapping d
13 C values among individuals were observed, but every squid is unique and exhibits a different isotopic pattern through its life. Using biologging, Bazzino et al. [33] showed that 4 large jumbo squids (.70 cm ML) displayed different horizontal movements within 2-4 weeks of life [33] . They proposed that these changes reflect alterations in foraging behaviour, and searches for optimal foraging locations [33] . Their findings of short time scale migrations [33] are consistent with the long-term differences in gladius isotopic variations we observed among individuals. However, the relatively small intra-individual variations in d
13 C values together with overlapping values among the five individuals suggest that all individual sampled probably foraged in a restricted area at the scale of northern Peru. Furthermore, the observed intra and inter-individual differences never reached the 3% d 13 C difference observed between small jumbo squids sampled at 3uS and 9uS.
Concerning d
15
N variations, the profiles of the two individuals A and B illustrate the variability in foraging strategies (Figs. 2, 3) . While the individual A showed two periods of dietary change that can be interpreted by increases in trophic levels, individual B showed a very different and distinct pattern. A 2.2% d 15 N increase early in life was followed by a strong 4.6% drop, which illustrates a decrease in its trophic level (probably from fish to euphausiids) at the end of its life. Euphausiids have been found to make a large contribution to the diet of large jumbo squids off Chile [.38% in mass, 2]. Stomach contents collected off Peru also showed that they forage for a large variety of prey, including euphausiids (Table 3) . Our results therefore reveal the high variability of trophic patterns of large jumbo squids, and refute the systematic increase of trophic level through ontogeny reported by most studies in squids [e.g. 8, 12, 13, 18] , except by [34] who did not find ontogenic differences in jumbo squids C) compared to proteins which are the main constituents of muscles [22, 23] . The knowledge of this 4.5% difference between gladii and muscles can be useful for comparison purposes in future studies where only one tissue is available, for example to calculate trophic positions through gladius samples.
In summary, these results show that jumbo squids living in the same environment at a given time can have completely different historical backgrounds. The data suggest that (i) jumbo squid actively migrate, (ii) they do not have a fixed diet and foraging strategy, and (iii) they do not systematically increase their trophic level with age. These differences in life history strategies confirm the high degree of plasticity of the species and its high potential to rapidly colonize new areas and adapt to environmental variability. The next step will be to use stable isotopes in combination with tagging studies to better assess the time-changes in habitats and their associated resources that characterize the life history of jumbo squids. Stable isotopes in squid gladii therefore offer an excellent opportunity to depict high resolution and ontogenic variations in individual foraging strategies of squids, resolving some bias inherent to stomach content analysis and stable isotopes on metabolically active tissues.
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